Excitation of plasmons in a metal nanoparticle leads to localization of electromagnetic fields within the particle, which is expected to result in strong optical nonlinearities. We study ultrafast nonlinearities in optical scattering from single gold nanorods under resonant excitation at the plasmon frequency, and observe changes of as much as 20% in the scattering cross section over the 20-fs laser pulse duration. Unexpectedly, the magnitude of the ultrafast nonlinearity is the same as that due to heating of conduction electrons in the metal.
INTRODUCTION
A great deal of current research is directed towards the development of integrated photonic devices that can perform all the functions of microelectronic integrated circuits.
1 A major obstacle blocking this goal is the difficulty of miniaturization: the diffraction limit restricts conventional photonic devices to be larger than half the optical wavelength. One possible way to overcome this limit is to couple light to surface plasmons in metal nanostructures, thereby confining optical fields to nanometer-scale dimensions. A number of passive devices have already been demonstrated, such as waveguides, reflectors, and beamsplitters. 2 In particular, it has been predicted that an appropriately designed chain of metal nanoparticles should transport surface plasmons by near-field coupling, effectively acting as an optical waveguide with dimensions well below the diffraction limit. 3, 4 Turning these passive structures into active photonic devices, though, will require substantial optical nonlinearities. For example, large nonlinearities in metal nanoparticles would offer the possibility of all-optical control of propagation along nanoparticle-chain waveguides.
Nonlinearities are also likely to become important for other applications of nanoparticle plasmons. For example, the strong localization of electromagnetic fields around particles or assemblies of particles has been exploited to greatly enhance effects such as Raman scattering 5, 6 and two-photon fluorescence. 7, 8 This has motivated an extensive search for structures that will exhibit the largest possible local field enhancements. However, any nonlinearity in the plasmonic response will limit the enhancements achievable in practice.
Previous measurements of metal-nanoparticle nonlinearities have generally involved large ensembles of particles, [9] [10] [11] [12] [13] and the interpretation of the results has been complicated by the attendant distribution of particle sizes, shapes, and interactions. First steps have been made towards isolating single particles and removing the effects of inhomogeneous broadening.
14, 15 These measurements, though, like most of the measurements on particle ensembles, have involved excitation of the particles at frequencies away from the plasmon resonance, and thus do not reveal the nonlinearities of the plasmon itself.
In order to directly measure such nonlinearities, we excite and probe individual metal nanoparticles on resonance with the plasmon frequency. By using ultrafast laser pulses, whose duration is comparable to the rapid dephasing time of the plasmons, we are able to investigate coherent nonlinearities. In other words, we have made the first direct measurement of the nonlinearities of plasmons in individual metal nanoparticles.
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EXPERIMENTAL
Rather than the more common spherical nanoparticles, we study rod-shaped gold particles. [16] [17] [18] These nanorods exhibit two plasmon resonances: a transverse plasmon, associated with electron oscillation along the short axis of the rod, and a longitudinal plasmon, associated with electron oscillation along the long axis. 19 The transverse plasmon frequency does not depend strongly on the shape of the rod, and is at nearly the same frequency as the resonance for spherical particles. The longitudinal plasmon frequency, on the other hand, depends strongly on the rod shape, moving to longer wavelengths as the aspect ratio of the rod increases.
For nonlinearity measurements, we select particles whose longitudinal plasmon resonance is near 1.55 eV. As well as matching the Ti:Sapphire laser that we use to excite and probe the rods (see below), this energy also results in low plasmon damping due to interband transitions in gold. 20 This means that the rods exhibit a relatively narrow resonance linewidth and strong optical interaction.
Nanorods with the appropriate aspect ratio can be synthesized using a seed-mediated method developed by Nikoobakht and El-Sayed. 21, 22 This procedure produces monodisperse gold nanorods with few unwanted spherical particles. However, the product is unstable, as evidenced by a blue shift in the extinction spectrum of as much as 50 nm over a few days. We avoid this instability by acidifying the growth solution, producing high-quality gold nanorods that are unchanged for several weeks after synthesis.
The gold-nanorod solution is prepared as follows. First, spherical seed particles are produced. 0.25 mL of 10 mM HAuCl 4 solution is mixed with 10 mL of 0.1 M CTAB solution at room temperature. 0.6mL of freshly prepared 10 mM NaBH4 solution is then quickly injected into the solution under vigorous stirring. The color of the solution changes from yellow to orange, indicating the formation of gold nanoparticles smaller than 4nm. In order to grow these seeds into rods, 50 mL of 0.1 M CTAB solution is prepared and kept at about 28
• C. To this solution, 2.5 mL of 10 mM HAuCl 4 , 0.5 mL of 10 mM AgNO3, and 1.0 mL of 1.00 M HCl are added. Au(III) is reduced to Au(I) by injecting 0.4 mL of 0.1 M ascorbic acid. Finally, 0.12mL of the gold-seed solution is added to start the growth. Growth is completed overnight under steady stirring. No further size selection of the particles is performed. For single-rod measurements, we bind a sparse sub-monolayer of rods to a glass coverslip. The coverslip is first cleaned with an equal mixture of 30% H 2 O 2 and 98% H 2 SO 4 for 10 minutes, resulting in a highly hydrophilic surface. The substrate is then coated with an MPTMS (3-mercaptopropyltrimethylsilane) monolayer, using a two-step gas-phase silanization procedure. 23 The functionalized glass substrate is dipped into the gold-nanorod solution for 30 minutes. The sample is washed thoroughly with deionized water and dried in air. Finally, a prism is placed on the back side of the cover slip, with index-matching oil between the cover slip and the prism, so that the rods can be probed using total-internalreflection microscopy.
24
A schematic of the optical measurement apparatus is shown in Fig. 2 . For nonlinearity measurements, the rods are excited by pulses from a mode-locked, cavity-dumped Ti:Sapphire laser. 25 The pulses are approximately 20 fs in duration, are centered around a wavelength of approximately 800 nm, and are produced at a repetition rate of 150 kHz. (Fig. 3(a) shows the spectrum of the laser output.) The pulses from the laser are sent through a dispersion-compensation line, which is adjusted to achieve minimum pulse duration at the sample. The pulses are split into two equal-intensity parts, which are sent down the two arms of a Mach-Zehnder interferometer. One arm contains a thin glass plate, equal in thickness to the beamsplitter, so that the two pulses experience equal dispersion in the interferometer. The delay of one of the pulses is controlled by moving a retroreflector, either using a calibrated stepper motor (for longer motion) or a piezoelectric transducer (for shorter motion). A single lens focuses the two pulses to a common 20-µm spot on the sample.
Most of the laser light undergoes total internal reflection at the glass surface, and is not detected. If a rod is located within the laser spot, a fraction of the laser light scatters off the rod in the normal direction and is collected by the adjacent microscope objective. The collected light is imaged onto the tip of a multimode optical fiber with a core diameter of 100 µm. This effectively selects light from a 2-µm spot on the sample, allowing a single rod to be isolated. The collected light is detected by an avalanche photodiode (Hamamatsu), and output from the photodiode is sent through a lock-in amplifier. This amplifier is synchronized to a chopper, which modulates the laser beam before the interferometer. The lock-in output is normalized by the laser power, measured by picking off a small portion of the laser beam before the interferometer.
For spectral measurements, the rod is excited using incoherent light from a quartz-halogen lamp, rather than laser light. The scattered light that is collected is sent to a spectrometer equipped with a cooled CCD array detector (Andor). A reference spectrum is collected from an adjacent portion of the sample that contains no rods; this reference is subtracted from the measured rod spectrum, and is also used to normalize the spectral response.
IDENTIFYING SINGLE RODS
Although the sample consists principally of individual, isolated rods on the glass surface, it also contains nanorod aggregates and small dirt particles, all of which can appear as diffraction-limited spots of bright scattering. It is necessary, then, to be able to identify whether the observed scattering at a particular location on the sample comes from a single nanorod. One way to do this is to measured the scattering spectrum. Fig. 3(a) shows a typical spectrum, which can be attributed to a single nanorod because of the narrow, nearly Lorentzian scattering peak. Since the rod is in air, attached to a glass surface, the plasmon resonance is blue-shifted by about 0.17 eV compared to that of rods in solution.
Quantitative verification that the scattering comes from a single rod is provided by comparing the measured spectrum to a theoretically calculated spectrum. The calculation is done in the quasi-static approximation, valid for particles that are small compared to the optical wavelength. 19 The rod can be modeled as a prolate ellipsoid surrounded by a homogeneous dielectric medium; this is a crude approximation to the actual rods sitting in air on a glass substrate, but has little effect on the calculation results. For incident light polarized along the long axis of the rod, the polarizability of the particle is given by
where V is the volume of the rod, is the dielectic function of gold, m is the dielectric function of the medium (taken to be 1.3), and L is the following geometrical factor:
where e is the eccentricity of the ellipsoid (e 2 = 1 − b 2 /a 2 , where a and b are the long and short axes of the rod, respectively). The scattering cross-section is then given by
where k is the wavenumber of the incident light.
The imaginary part of the dielectric function of Au can be modeled as
where ω is the optical frequency and T e is the temperature of the conduction electrons in the rod (room temperature, in this case). The first term is the Drude free-electron contribution, with ω p being the bulk plasmon frequency and γ the plasmon damping rate. The second term is the contribution of transitions between the d band and the conduction band of Au, including transitions at both the X and L points in the Brillouin zone. The real part of the dielectric function is calculated from this imaginary part using the Kramers-Kronig relation. The matrix elements of the interband transitions, as well as the Drude plasmon frequency, are adjusted to reproduce tabulated values of the dielectric functions.
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With this dielectric function, the only remaining free parameter in calculating the scattering cross-section is the aspect ratio of the rod. An aspect ratio of 5.25 yields a center frequency that matches the experimentally measured value, and is consistent with the rod shapes measured by TEM (see Fig. 1 ). A different choice of dielectric constant for the medium surrounding the rod would result in the choice of a somewhat different aspect ratio, but would have no other significant effects on the calculation results. More importantly, the linewidth of the calculated spectrum, shown in Fig. 3(a) , agrees well with that of the the measured spectrum. This is a strong indication that the measured scattering comes from a single rod. Further evidence is provided by exciting the rod with the laser and rotating the polarization of the incident laser light. The scattering undergoes nearly complete modulation, as shown for a typical rod in Fig. 3(b) . This is characteristic of scattering from an individual rod: the laser light, which is resonant with the longitudinal plasmon, will undergo strong scattering if its polarization is oriented along the long axis of the rod, and will undergo virtually no scattering if its polarization is oriented along the short axis of the rod. Indeed, the visibility of the measured modulation is limited only by the dark current in our detector.
ULTRAFAST NONLINEARITY
Having identified individual nanorods, we can now measure their nonlinearities. We first measure ultrafast nonlinearities by overlapping the two pulses at the rod and varying their relative delay over time scales less than the pulse duration. In this case, the two pulses will interfere, and the measured scattering signal will trace out an interference pattern. A typical result is shown on the left-hand side of Fig. 4 . Again, the visibility of the measured interference pattern is limited by the dark current of our detector. The main thing to note is the pronounced asymmetry in intensity. That is, when the laser pulses interfere constructively, the incident intensity is doubled, but the amount of scattering from the rod increases by less than a factor of two. We have verified that the asymmetry is not due to saturation of the detector by measuring similar interference patterns from impurities on the sample surface and observing no asymmetry. The measured interference patterns do not change as the repetition rate of the laser is varied, indicating that slow, cumulative effects (such as sample heating) do not play a role. The asymmetry thus indicates that the scattering cross-section of the rod is lower when the intensity of the incident light is higher (i.e., when the pulses interfere constructively). Figure 5 shows the power dependence of the measured asymmetry for three different rods. The laser power is measured after the interferometer, but before the prism. The appriximately linear dependence on laser intensity, I, indicates a thirdorder nonlinearity. That is, the scattering cross-section can be written as Taking I to be the intensity in each laser pulse, the measured asymmetry should then be given by
As shown in Fig. 5 , this formula fits our data well. At the highest laser intensities used, the nonlinearity (Iσ (3) /σ (0) ) is over 20%. This nonlinearity is ultrafast, in the sense that it arises within the 20-fs duration of the laser pulses.
The achievable nonlinearity is limited by optical damage to the rods. The inset to Fig. 5 shows what happens if the incident intensity is increased further: the scattering signal gradually and irreversibly decreases to a considerably lower value. After this damage has occurred, the nonlinearity of the rod is generally greatly reduced or altogether eliminated. We believe this reflects changes in the shape of the rod: each laser pulse melts the rod, and surface tension then acts to make it more spherical, thereby shifting the plasmon resonance away from the laser frequency. 
INCOHERENT NONLINEARITY
Insight into the mechanism for the observed ultrafast nonlinearity can be obtained by comparing it to the pump-probe signal at longer time delays. The right-hand side of Fig. 4 shows the measured signal when the delay is increased, so that the pulses no longer overlap. Fig. 6 shows similar results for two different nanorods at a range of laser intensities. The pump-probe signal recovers over a few picoseconds, with the recovery time increasing as the pump power increases. This is characteristic of the heating of conduction electrons by the laser pulse, followed by their cooling and equilibration with lattice phonons. [10] [11] [12] 18 Increasing the delay up to 150 ps results in no detectable change in the scattering signal, indicating that effects related to the heating of lattice phonons are unimportant on the time scales of our measurements. We can verify the mechanism for the picosecond-scale nonlinearity by modeling the effect of hot conduction electrons. The amount of energy transferred from the first (pump) laser pulse to the rod is determined by calculating the absorption cross-section, given by
where k is the wavenumber of the incident light, and the susceptibility α is given by Eqn. (1). The energy absorbed by the nanorod can readily be converted into an increase in the electron temperature, T e , using the known electron heat capacity. The subsequent evolution of T e is calculated using a two-temperature model, which treats the conduction electrons and the lattice phonons as two coupled thermal reservoirs. 13, 18 The time evolution of the temperatures is given by the following coupled equations:
where C e and C l are the heat capacities of the electrons and the lattice, respectively, T l is the lattice temperature, and g is the electron-phonon coupling coefficient. In our calculations, we use generally accepted heat capacities, 31, 32 and we choose g to reproduce published electron cooling rates.
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Using the calculated electron temperature, the dielectric function of Au can be calculated using Eqn. (4) . The effect of the elevated electron temperature is to increase the damping rate, γ(T e ), in the Drude contribution, 11 while increasing the interband damping due to the broadening of the conduction-electron distribution near the Fermi level. [26] [27] [28] Using the modified dielectric function, the modified scattering cross-section can be calculated using Eqn. (3). This cross-section can then be integrated over the measured laser spectrum to give the amount of light scattered by the nanorod, as a function of time after excitation by the initial laser pulse. In the calculation of this pump-probe scattering signal, the sole free parameter is a scaling factor that relates the measured laser power to the optical intensity incident on the rod. This factor takes into account unknown experimental parameters such as losses between the point where the power is measured and the nanorod and the exact laser spot size on the sample. With this single parameter, we can fit the results for the two rods shown in Fig. 5 at different laser intensities. Equally good agreement is also obtained for additional intensities not shown in the figure and for other rods.
The good agreement indicates that electron heating is able to account for the measured nonlinearity on picosecond time scales. Surprisingly, the same model can also explain the measured nonlinearities on femtosecond time scales. More precisely, we can extrapolate the measured thermal nonlinearity for a given laser intensity, I, to zero time delay; this gives a certain "dip" D(I) in the normalized pump-probe signal. (The dip is illustrated for a particular intensity in Fig. 4 ; in this case, D(I) ≈ 8%.) The measured values of D(I) can be compared to the asymmetries, A(I), of the measured interference patterns, given in Fig. 5(a) . If we make the assumption that the only nonlinearity is due to electron heating, and that this nonlinearity is effective even for the shortest time delays, then we obtain a simple relation between the two values:
The factor of two in the intensity is due to the effects of interference in the ultrafast measurements: when the pulses interfere constructively, the effective intensity at the rod is doubled. The factor of two in the dip signal is due to the fact that we chop both laser pulses for lock-in detection in our pump-probe measurement. . 
DISCUSSION
The equality of the ultrafast nonlinearity and the nonlinearity due to conduction-electron heating is unexpected. The incident laser pulse should not immediately excite a thermal population of conduction electrons, but should instead produce coherent oscillation of surface plasmons. Based on the experimental resonance linewidth, these plasmons should remain coherent for approximately 15 fs, comparable to the duration of the laser pulses. Any nonlinearity on the ultrafast time scale, then, would be expected to arise from the coherent oscillation of the plasmon.
Such a nonlinearity could arise from the confinement of electron oscillation by the boundaries of the nanorod. The amplitude of electron oscillation can be estimated by calculating the induced dipole moment, using Eqn. (1); this dipole should be approximately equal to Ned, where N is the number of electrons in the rod, e is the electronic charge, and d is the average displacement of each electron. In this way, we estimate that, for the laser intensities used, the amplitude of electron oscillation can reach as much as 8% of the length of the rod. The surfaces of the rod should then restrict the motion of the electrons, producing a significant deviation from harmonic oscillation. Such a surface effect has recently been invoked, for example, to explain third-harmonic generation from quasi-spherical Au nanoparticles.
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The apparent absence of the coherent plasmon response can be interpreted in two ways. First, there may indeed be a coherent nonlinearity that decays in 7.5 fs, as well as an incoherent nonlinearity of nearly equal magnitude that rises at the same rate, so that the overall effect is nearly constant on ultrafast time scales. Given our experimental errors and the effect of convolution with our 20-fs laser pulses, this explanation would require that the coherent and incoherent nonlinearities coincidentally be identical to within 11%.
A second possible explanation is that strong excitation of the plasmon by our relatively intense laser pulses saturates the plasmon oscillation or reduces the plasmon dephasing time. In this case, the pulses either would not excite or would not probe the coherent plasmon oscillation. Saturation of the plasmon is not expected based on a simple, classical model, and would thus require a currently unknown mechanism. Enhanced dephasing of the plasmon, on the other hand, could be due to increased electron-electron and electron-surface scattering rates as the oscillation amplitude increases. 18, 34, 35 If the plasmon is indeed saturated or strongly damped, this could have important implications for transport in plasmonic devices and field localization in metallic nanostructures.
CONCLUSIONS
Our single-rod measurements have established the magnitude of resonant optical nonlinearities in single Au nanorods. The observations lead to the unexpected conclusion that resonant excitation of plasmons results in the same nonlinearity as incoherent excitation of conduction electrons, suggesting previously unrecognized properties of strongly-driven plasmons.
In order to obtain further information on the ultrafast nonlinear dynamics of plasmons in nanoparticles, it will be necessary to increase the ratio of the plasmon dephasing time to the laser pulse duration. This could be done either by using shorter pulses or by using nanoparticles made of different metals, such as Ag, with lower optical absorbance. The reduced absorbance would likely also mean that higher optical intensities could be used before damaging the particles, potentially leading to stronger nonlinearities. Other routes to achieving higher nonlinearities could involve embedding the nanorods in a polarizable medium or assembling them into ordered structures. We thus believe that our current observation, of significant third-order optical nonlinearities from single Au nanorods, represents a first step towards achieving very large optical nonlinearities on the nanometer scale.
